The relaxation mechanisms of local vibrational modes in solids are of central importance in understanding how such modes decay into phonons, the diffusion of impurities, and the loss of hydrogen passivation in technologically important materials. Interstitial oxygen in silicon is a model system for studying the relaxation of local vibrational modes into extended vibrational modes by measuring the interactions between the two. We have used hydrostatic pressure to bring the antisymmetric stretch mode of Si: 18 O i into resonance with the second harmonic of the 18 O i resonant mode and observed an anticrossing between the two vibrational modes near pressures of 4 GPa. A theoretical model of this interaction produced excellent agreement with the experimentally observed frequencies and linewidths.
Introduction
Local vibrational modes (LVMs) are produced when an impurity atom in a solid has a mass that is significantly smaller than that of the crystal atoms surrounding it.
1
LVMs play a role in the diffusion of impurities 2 and are believed to be one mechanism for the dissociation of bonds between hydrogen and impurity or hydrogen and lattice atoms. 3, 4 Because much semiconductor technology depends on the diffusion properties of impurity atoms and on hydrogen passivation of unwanted states in the bandgap (where the breaking of even a fraction of the bonds to hydrogen atoms can affect the electrical characteristics of a material and cause device degradation 5, 6 ), the study of LVMs and their relaxation mechanisms is technologically important. LVMs typically decay through interactions with extended crystal vibrational modes (phonons), 7 and studying LVM lifetimes yields information about the strength of the interactions. 8, 9 In this paper, we review recent work in which we performed spectroscopic studies of the LVMs of interstitial oxygen (O i ) in silicon as means of investigating the interactions between local and extended vibrational modes. 10, 11 Oxygen is one of the most common and technologically important impurities found in Czochralskigrown silicon 12, 13 ; vibrational relaxation mechanisms play a role in the diffusion of this impurity and energy transfer processes involving oxygen.
14, 15 Because the structure of the O i defect in silicon is well understood, it is an ideal system for studying vibrational interactions. Using hydrostatic pressure, we brought a local vibrational mode of 18 O i into resonance with an extended vibrational mode of the same defect and observed an anti-crossing interaction between the two modes. This was the first reported instance of a pressure-induced interaction between two such modes. 16 The O i defect in silicon consists of an oxygen atom located at a bond-centered position between two silicon atoms and bonded to both of them, 17, 18 as shown in Fig. 1(a) . The Si-O-Si axis is in the [111] direction. Over the past few decades, the vibrational frequencies and corresponding atomic motions have been studied. 19 The most prominent and well known vibrational mode arises from the oscillation of the oxygen atom along the [111] 19 The O i defect also produces an absorption at 517 cm −1 . In this resonant mode, the silicon atoms vibrate in phase, perpendicular to the Si-O-Si axis and the oxygen atom moves relatively little. 21 The relative magnitudes of the displacements of the oxygen and nearby silicon atoms is shown in Fig. 1(b) .
In the stretch mode, only the oxygen atom and its nearest neighbors move appreciably while the resonant mode involves significant motion on the part of several nearby silicon atoms. An interaction between the two modes indicates that transitions from the stretch mode to the resonant mode can occur, delocalizing the vibrational motion. Such a transition is the first step in the decay of a LVM into fully delocalized lattice vibrations (phonons). By quantifying the strength of the interaction between the two modes, we can estimate the lifetime for the transition of the stretch mode to the resonant mode. Since the second harmonic of the resonant mode lies within the continuum of two-phonon states, we also studied the interaction of the stretch mode with two-phonon lattice modes.
In addition to the stretch mode of 18 O i in silicon, we have studied the variation of the 16 O i stretch mode as a function of hydrostatic pressure. This has enabled us to determine more precisely some parameters of the model for the vibrational levels of O i in silicon. Because the 16 O vibrational modes are much higher than those of 18 O, no appreciable interaction with other modes was observed. 
Experiment and Results
We used both a modified Merrill-Bassett 22,23 and a piston-cylinder diamond anvil cell with type IIA diamonds to generate pressures up to 7 GPa. The silicon samples, which contained ∼ 10 18 cm −3 of either 16 O or 18 O, were small squares or disks 200 µm to 300 µm wide and polished to a thickness of 50 µm. The cells were loaded using the liquid immersion technique, 24 with nitrogen as the pressure medium. Mid-infrared absorption spectra were obtained using a Digilab FTS-80E vacuum Fourier-transform spectrometer and a Bomem DA8 vacuum Fourier-transform spectrometer. A KBr beam splitter was used, giving a spectral range of 500 cm −1 to 5000 cm −1 . The instrumental resolution was varied to a minimum of 0.5 cm −1 to ensure that all peaks were fully resolved.
During the measurements, the diamond anvil cells were placed in a Janis liquid helium continuous-flow cryostat with wedged KBr windows and kept at temperatures ranging from 4 K to 20 K. To maximize the amount of light passing through the sample, an off-axis parabolic mirror and light-concentrating cone were mounted in front of the cell and the Ge:Cu photoconductive detector 25 was placed directly behind the cell. To determine the pressure at liquid helium temperatures, we measured the frequency of the ν 3 CO 2 vibrational mode in the N 2 matrix. 29 Si and 30 Si isotopes. As the pressure is increased, peaks I and II shift to lower wave numbers, the energy separation between them decreases, and peak II increases in intensity relative to peak I. At high pressures (above 5 GPa), the two peaks cannot be distinguished from each other. Figure 4 shows the energies of these peaks as a function of hydrostatic pressure.
In the spectra of the silicon samples doped with 18 O, the absorption peaks exhibit a markedly different behavior from the 16 O peaks in the range from 3.6 GPa to 4.6 GPa. Around 4.2 GPa, a third absorption peak appears on the low energy side of the existing (and nearly merged) peaks. As the pressure is increased, this third peak increases in size while peaks I and II shrink and finally disappear above 4.4 GPa. As will be discussed in the next section, this unusual behavior is the result of an interaction between the antisymmetric stretch mode and a second harmonic of the 18 O i resonant mode. 
Wave numbers (cm (13), (14) and (19)]. The solid lines are frequencies calculated from the model of the interaction between stretch and resonant modes [Eqs. (17) and (18)].
Discussion
We first describe the theory which accounts for spectral features common to both 16 O i and 18 O i , including the pressure dependence of the vibrational modes and the decrease in the energy separation of the two modes as the pressure is increased. We will then discuss the modifications which must be made to describe the interaction of the 18 O i stretch modes with the second harmonic of the resonant mode to produce the observed anti-crossing.
The potential that the O i experiences in the [111] plane has been modeled as a quartic polynomial
where r is the perpendicular distance of the oxygen atom from the [111] axis between its two neighboring Si atoms. Applying the harmonic oscillator condition that
, where ω C is the classical vibrational frequency of the oxygen atom, and defining r 0 as the equilibrium value of r (so that dV (r)/dr| r=r0 = 0), we can rewrite the potential in Eq. (1) as
By adjusting the parameters of their potential to fit the experimental data, Yamada-Kaneta, Kaneta and Ogawa 27 found the equilibrium distance r 0 to be 0.25Å, in close agreement with previous work by Bosomworth et al.
28
As hydrostatic pressure is applied, the two Si atoms to which the interstitial oxygen is bonded are forced closer together and as a result, the oxygen bows outward, increasing its equilibrium distance r 0 from the broken Si · · · Si bond.
11 This corresponds to an increase in the height and width of the central perturbation of the quartic potential, as shown in Fig. 5 . With increasing pressure, the motion of the O i in the [111] plane becomes less vibrational and more rotational. This is similar to the case of O i in Ge, in which the oxygen atom is displaced significantly from the bond-centered position and behaves like a hindered rotor at atmospheric pressure.
29,30
To model the pressure dependence of r 0 , we note that
where d Si-O is the Si-O bond length (1.6Å) and z Si is the perpendicular distance of the Si atoms from the [111] plane of the O i . Since the oxygen atom bows outward with increasing pressure, we assume that the pressure dependence of d Si-O is negligible compared to that of z Si , which for simplicity, we model as varying linearly with pressure
The value of z Si (0) is chosen so that r 0 = 0.25Å at atmospheric pressure. 27 Similarly, we assume that the classical vibrational frequency ω C varies linearly with the change in r 0
To calculate quantitative values for the energy splitting between the |N = 0, l = 0 and |N = 0, l = ±1 states, we first solve the Schrödinger equation in the [111] plane to find the energies of the l = 0 and l = ±1 states. Assuming cylindrical symmetry about the axis connecting the two silicon atoms to which the oxygen is bound, the radial part of the Schrödinger equation is:
where m is the mass of the oxygen atom and the potential V (r) is given in Eq. (2). Since this potential depends only on r, the wavefunction ψ l can be expressed as the product of a radial and an angular function,
Substituting Eq. (7) into Eq. (6) yields
To find the wavefunctions and eigenenergies for the l = 0 and l = ±1 states, we integrate Eq. (8) numerically, specifying the value and derivative of the wavefunction at r = 0 and varying the energy E until the wavefunction converges to zero at large r. The starting values are u 0 (0) = 1 and du 0 /dr = 0 for the l = 0 state and u ±1 (0) = 1 and du ±1 /dr = 1 for the l = ±1 state. The calculated wavefunctions for these states at atmospheric pressure and at 5 GPa are shown in Fig. 5 . With increasing pressure, the height and width of the central perturbation to the potential increases, forcing the bulk of the l = 0 radial wavefunction away from the center point and causing it to look increasingly like the l = ±1 wavefunction. The theoretical energy splitting between these two states, with parameters adjusted to obtain the best fit with experimental results, are plotted in Fig. 6 . Figure 6 also shows the energy splitting between the first two levels of a free rotor, which is given by
As mentioned above, the motion of the O i in the [111] plane becomes more rotational than vibrational as the pressure is increased and one can see that the calculated energy splitting approaches that of a free rotor at high pressures. The values of the parameters used are given in Table 1 . To estimate the energy splitting between these levels experimentally, we measured the intensities of the two peaks as a function of temperature at several pressures. Figure 7 shows the behavior of these peaks as the temperature is increased. GPa. The assignments of peaks I and II correspond to those in Fig. 2 . As the temperature is increased, the l = ±1 state becomes more populated thermally and the intensity of peak II increases relative to that of peak I.
By graphing the ratio of the areas of the two peaks in an Arrhenius plot, we obtained an activation energy that corresponds to the energy splitting between the two levels. The uncertainties of ±2 cm −1 for the experimental energy splittings were estimated by varying the slopes of the linear fits to the ratio of the areas. At high pressures, the observed splittings are lower than the calculated values, perhaps because of interactions between neighboring silicon atoms and the oxygen, which is buckled outward significantly.
This transition from vibrational to rotational motion also accounts for the merging of the two stretch mode peaks as the splitting is due to a nonlinear coupling between the stretch and transverse modes.
11 Without such a coupling, the frequency of the antisymmetric stretch mode as a function of pressure would be
where γ accounts for the slight increase in the frequency due to shortening of the Si-O bonds. Because this effect is small, we assume a linear dependence on pressure for simplicity. The modification of the Hamiltonian due to the lowest order stretch-transverse coupling terms is
where z is the coordinate along the [111] axis. To first order, the resulting modification to the energy of the N = 0 → N = 1 stretch mode transition is
This perturbation depends on whether the lower state is a l = 0 or l = ±1 state, resulting in different energies for the |N = 0, l = 0 → |N = 1, l = 0 and |N = 0, l = ±1 → |N = 1, l = ±1 transitions. As the pressure is increased however, the l = 0 and l = ±1 radial wavefunctions become more similar and the energy difference decreases, as described above. Combining Eqs. (10) and (12), the energies of the stretch mode transitions are then
and
where m 16 is the mass of the 16 O atom and the empirical exponents p and q describe the mass dependence of the transition frequencies. Values of the parameters which give the best experimental fit are shown in Table 2 and calculated frequencies are plotted in Fig. 4 , in good agreement with the experimental data for 16 O i and for 18 O i at the low and high ends of the pressures investigated. As expected, the (17) and (18).
energy splitting between the transitions decreases with increasing pressure and the two peaks cannot be resolved at pressures larger than about 5.5 GPa. This is similar to the case for the O i defect in Ge, where the motion is primarily rotational and the splitting between the two peaks is extremely small (0.07 cm −1 ).
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To model the behavior of the observed transitions for the 18 O i defect, we must consider in addition, the interactions between the stretch modes and the resonant modes. A schematic diagram of the energy levels in this system is shown in Fig. 8 . In the standard D 3d symmetry of this defect, the |N = 1, l = 0 antisymmetric stretch mode has A 2u symmetry and the |n = 2 second harmonics of the resonant mode have A 1g and E g symmetries. Because of the differing symmetries, neither of these second harmonic modes alone interact with the |N = 1, l = 0 mode. However, there are combination modes involving them which do have the necessary symmetries to interact with the stretch mode. For example, a combination of the |n = 2, E g second harmonic resonant mode and the |N = 0, l = ±1 stretch mode has symmetry E g ⊗ E u = A 1u ⊕ A 2u ⊕ E u . Since this has an A 2u component, it interacts with |N = 1, l = 0 . The matrix element describing this interaction is
where n is the resonant mode quantum number and H is the interaction Hamiltonian.
Similarly, the |N = 1, l = ±1 antisymmetric stretch mode has E g symmetry. In principle, it should interact with the |n = 2, E g second harmonic resonant mode at pressures near 5 GPa, when their energies are roughly equal. However, at that pressure, the ω I and ω II transitions are indistinguishable and have been broadened significantly by interactions with lattice phonons and no effects are seen. If there is an interaction, it is too small for us to detect. A mode which can explain the observed deviation of ω II is the combination of an |n = 2, A 1g and an |N = 0, l = ±2 mode, which has symmetry A 1g ⊗ E g = E g , and thus also interacts with |N = 1, l = ±1 . The matrix element describing this interaction is
The Hamiltonians for these two interactions can be expressed in terms of two irreducible matrices
where Γ 1 and Γ 2 are vibrational decay rates for the stretch and resonant modes, respectively, and the various transition energies ω are shown in Fig. 8 . These matrices describe coupled, damped oscillators, which can be treated classically. 31 In the limit of weak coupling, the full widths at half maximum (FWHM) of the transition peaks are given by 2Γ 1 and 2Γ 2 . To facilitate comparison with the observed transition frequencies, energies in H 1 are expressed relative to the ground state and energies in H 2 are expressed relative to the |N = 0, l = ±1 level.
The quantities ω 1 and ω 2 are calculated by solving Eq. (8) numerically to find the energies of the ground and first two excited states, as has been described previously. To estimate ω(E g ) and ω(A 1g ), we assume that the pressure dependence of the resonant mode is equal to that of the Raman phonon.
32 This is a reasonable assumption because the resonant modes arise from vibrations of the silicon atoms surrounding the oxygen atom rather than vibrations of the oxygen atom itself. Since the energy of the resonant mode at atmospheric pressure has been measured to be 517 cm −1 , the frequencies of the n = 2 resonant modes are
where Γ = E g or A 1g and the δω(Γ) are anharmonic corrections. The perturbed transition frequencies are given by the real parts of the eigenvalues of Eqs. (17) and (18) and are shown as solid lines in Fig. 4 . Frequencies of the unperturbed antisymmetric stretch modes and combination modes are plotted as dashed lines. Table 3 lists the parameters used in fitting the model to the experimental data. As can be seen, our model well describes the pressure dependence of the vibrational transition frequencies.
The imaginary parts of the eigenvalues of the matrices in Eqs. (17) and (18) describe the peak widths of the transitions associated with the O i defects, which are plotted in Fig. 9 . The transition peaks associated with the 18 O i defect broaden beginning at 3 GPa, reach a maximum at 4.5 GPa, and then decrease somewhat. There are two contributions to the broadening of the transition peaks. The interaction between the stretch and combination modes is primarily responsible for the initial increase in peak width below 4 GPa. At 4 GPa and higher, the energy difference between the vibrational levels lies within the two-phonon density of states giving an additional decay path to excited vibrational states and reducing the lifetime of those excited states. Since the phonon density of states is approximately constant for frequencies smaller than that of the resonant mode, 33 the width of the transition peaks should be increased by a constant amount. 34 Adding an additional constant 3 cm −1 to the peak widths above 4 GPa produces a good fit to the experimental data.
Our model also allows us to estimate the lifetimes of the O i stretch mode vibration. From the fitted value A in Eq. (15), we can estimate the average time it would take for a vibrational stretch mode to decay into a combination mode when the two modes are degenerate. If the 18 O i is prepared in a stretch-mode state at t = 0, the probability of being in a stretch-mode state at later times is given by
where A = 3.8 cm −1 = 7.2 × 10 11 rad/s and damping has been neglected. The probability p(t) falls to zero at t = 2.2 ps. In other words, at the pressure where the two modes have the same energy, the vibrational energy of the stretch mode is transferred into a combination mode in an average of 2.2 picoseconds. This transformation from a localized to an extended mode is the first step in the decay of an LVM into lattice phonons.
At large pressures, the stretch-mode transition energy lies within the twophonon continuum and we can also estimate the decay time of the stretch mode into a two-phonon mode. The lifetime of the stretch mode is related to the FWHM of the transition peak by
where T is the lifetime of the stretch mode state, c is the speed of light, and Γ 0 is the FWHM of the absorption line in cm −1 . 8 Since interaction with two-phonon modes adds 3 cm −1 to the stretch mode absorption peak, we estimate that a stretch LVM decays into a two-phonon mode in an average of 1.8 picoseconds.
Conclusion
We have used infrared spectroscopy and hydrostatic pressure to probe the vibrational spectrum of the O i defect and to tune the frequency of a localized vibrational mode into resonance with a spatially extended vibrational mode. We have also developed a model of the defect which shows good agreement with the experimental data in several respects, including the pressure dependence of the peaks, the energy splitting between states of different angular momentum, the peak widths, and the anti-crossing interaction observed between the two modes. This model has enabled us to determine the interaction strengths between the modes and to estimate the characteristic time for the transformation of the local vibrational mode into extended lattice modes. Such information can aid the understanding of the process by which LVMs decay. 16 O and Si:
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